INTRODUCTION:
Along with its well-documented role as a track for cargo transport, the microtubule (MT) cytoskeleton is linked to diverse structural and signaling roles in the cardiac myocyte. MTs can facilitate the rapid transmission of mechanical signals to intracellular effectors, a process termed mechanotransduction. A proliferated MT network may also provide a mechanical resistance to cardiac contraction in certain disease states. Yet our understanding of how MTs resist compression and transmit mechanical signals has been impaired by a lack of direct observation and by the unpredictable effects of blunt pharmacological tools.
RATIONALE: Direct observation of MT mechanical behavior during contraction is the most straightforward way to elucidate the mechanisms underlying MT contributions to heart function. Advances in imaging have made this possible at temporal and spatial resolutions that permit quantification of MT geometry during the contraction cycle. Furthermore, recent evidence suggests that posttranslational modification of the microtubule network, specifically "detyrosination," regulates cardiac mechanotransduction. This raises the question of whether detyrosination alters how microtubules respond to the changing mechanical loads inherent to each cardiac cycle. To answer these questions, we used advanced imaging techniques to explore MT behavior in beating murine cardiomyocytes.
RESULTS: During contraction, MTs must somehow accommodate the changing geometry of the myocyte. In a typical myocyte, this was accomplished by deforming into a sinusoidal buckled configuration that returned to an identical resting configuration after each beat. The periodic nature of these buckles coincided with the repeating contractile units of the cardiomyocyte known as sarcomeres, which suggested a direct interaction. Desmin intermediate filaments were identified as a key component of an anchoring complex that links MTs to the sarcomere and imparts structural organization to the MT network.
The physical link between microtubules and the sarcomere was highly dependent on detyrosination. In myocytes where detyrosination was suppressed, MTs often accommodated the contraction by sliding past each other rather than buckling as the sarcomere shortened. Disrupting the MT-sarcomere interaction allowed the sarcomere to shorten farther and faster, as well as decreased overall stiffness. Conversely, promoting detyrosination was sufficient to increase myocyte stiffness and impede the contraction of the myocyte. Consistently, clinical data showed a direct correlation between excess detyrosination and functional decline in patients with hypertrophic cardiomyopathy.
CONCLUSION: Thus, microtubules can provide mechanical resistance to the myocyte through interactions with the sarcomere, forming load-bearing spring elements in parallel with the contractile apparatus. These interactions are mediated by a detyrosination-dependent association with desmin that regulates myocyte stiffness and contractility. Excess detyrosination promotes the interaction between MTs and the sarcomere, which increases resistance to contraction and may contribute to reductions in cardiac function in certain disease states.
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The microtubule (MT) cytoskeleton can transmit mechanical signals and resist compression in contracting cardiomyocytes. How MTs perform these roles remains unclear because of difficulties in observing MTs during the rapid contractile cycle. Here, we used high spatial and temporal resolution imaging to characterize MT behavior in beating mouse myocytes. MTs deformed under contractile load into sinusoidal buckles, a behavior dependent on posttranslational "detyrosination" of a-tubulin. Detyrosinated MTs associated with desmin at force-generating sarcomeres. When detyrosination was reduced, MTs uncoupled from sarcomeres and buckled less during contraction, which allowed sarcomeres to shorten and stretch with less resistance. Conversely, increased detyrosination promoted MT buckling, stiffened the myocyte, and correlated with impaired function in cardiomyopathy. Thus, detyrosinated MTs represent tunable, compressionresistant elements that may impair cardiac function in disease.
A long with its well-defined transport functions, the microtubule (MT) network serves multiple mechanical roles in the beating cardiomyocyte. MTs function as mechanotransducers, converting changing contractile forces into intracellular signals (1, 2) . MTs may also act as compression-resistant elements, which could provide a mechanical impediment to cardiomyocyte contraction (3) (4) (5) . If so, they must bear some of the compressive and tensile load of a working myocyte. Unfortunately, little is known about MT behavior during the contractile cycle. During this cycle, Ca 2+ -mediated actin-myosin interaction first shortens repeating contractile units called sarcomeres, which are then stretched as the heart fills with blood during diastole.
Although an isolated MT would present minimal resistance to myocyte compression, the stiffness of the network within a living cell, with MTassociated proteins and other cytoskeletal elements, can change by orders of magnitude (6, 7) . It is in this context that MTs are proposed to act as compression-resistant elements (6, 8) that may impair sarcomere shortening and thus cardiac function, particularly in disease states associated with MT proliferation (8) (9) (10) . Posttranslational modification (PTM) of MTs (11, 12) could also modify their mechanical properties and binding interactions. Detyrosination, a PTM of a-tubulin, has recently been shown to augment MT-dependent mechanotransduction in dystrophic cardiac and skeletal muscle (12) . This specific PTM is also increased in animal models of heart disease (1, 13, 14) , which raises a mechanistic question: If mechanosignaling is altered, have the mechanical properties of the myocyte changed?
Although the idea that a proliferated (and perhaps modified) MT network may mechanically interfere with contraction is attractive, the "MT hypothesis" has remained controversial [for reviews, see (15, 16) ]. Two important limitations have hindered our understanding: (i) a reliance on blunt pharmacological tools (colchicine/Taxol) that have off-target consequences; (ii) a lack of direct observation of MTs under the stress and strain of the contractile cycle. Here, we characterized MTs under contractile loads using a high-resolution imaging technique and directly tested how MT detyrosination may regulate load-bearing and the mechanical properties of the myocyte.
MTs buckle under contractile load
MT networks in cardiomyocytes have two major features ( Fig. 1A) : an orthogonal grid just beneath the membrane that wraps the myofibrils and a deeper network composed primarily of longitudinal elements that interdigitate the myofibrils. Longitudinal MTs often run many sarcomeres in length but do not span the full cell. Given that cardiomyocytes change shape during contraction, the MT cytoskeleton must accommodate this change. There are three apparent possibilities:
MTs not anchored to other cytoskeletal or sarcomeric proteins could rearrange or slide passively with the surrounding medium; anchored MTs could directly experience contractile force and themselves deform under load; or the MTs could break and/or disassemble and reform. These possibilities offer divergent mechanisms for the regulation of mechano-signaling and the overall mechanics of the myocyte. Without direct observation, however, this behavior has been difficult to quantify.
Standard confocal imaging, although capable of resolving MTs in living cells (17) , suffers from limitations in the signal-to-noise ratio when pushed to speeds that can resolve events on the time scale of cardiomyocyte contraction (Fig. 1B and movie S1). Consequently, we turned to a highspeed, subdiffraction limit technique called Airyscan (see fig. S1 ). This technology maintains high signal-to-noise ratios at the required temporal resolution, while offering a 1.7-fold improvement in spatial resolution beyond the standard diffraction limit.
Using the MT-binding fluorogenic dye SiR tubulin, based on the fluorophore silicon rhodamine (18) (Fig. 1C and movie S2), we imaged internal MTs during contractions triggered by a 1 Hz electrical field stimulation in isolated mouse cardiomyocytes. We were able to capture MT behavior during contraction and found that longitudinally oriented MTs frequently deformed and developed sinusoidal buckles. Because SiR tubulin may polymerize MTs (18), we also generated adenovirus encoding a small fragment of the MT-binding protein ensconsin fused to three copies of GFP (EMTB3xGFP) to decorate MTs. We achieved similar results (table S1) but with improved signal-tonoise ratios ( Fig. 1D and movie S3 ).
We measured blindly selected MTs for deformation with two parameters-amplitude and wavelength (Fig. 1G ). Where possible, the same MT was followed through contraction. Amplitude rose quickly from resting to contracted levels ( Fig. 1H) , with clearly visible buckles. Using a threshold of two standard deviations above resting amplitude, we found that two-thirds of MTs buckle under control conditions (Fig. 1H) .
MT buckles quickly reversed during relaxation, and the configuration of the MT network between contractions tightly colocalized with the network configuration from previous cycles (Fig. 1, E and F), with a minimal mean reduction in Pearson's colocalization of 0.01 per contractile cycle (n = 18 runs). The rapid and precise reversibility of the network deformations suggested tight coupling to the contractile apparatus, and it argues against MT breakage and regrowth contributing to mechanical properties and signaling over the time scale of myocyte contraction.
A notable feature of the MT buckles was the emergence of subpopulations of buckle wavelength centered at~1.65 mm, 3.3 mm, and perhaps even 4.7 mm (Fig. 1I) . These corresponded closely to the length of one, two, or three contracted sarcomeres, respectively. Although MTs buckling outside of these populations could be found in our data without difficulty, these subpopulations were strongly indicative of ordered geometric constraints on the buckling MT. This was observed in certain cells where faint transverse staining at the Z-disc shows MTs buckling between sarcomeric constraints (movie S4).
Detyrosination regulates MT buckling in the heart
This robust buckling behavior of the MT network may be a result of a particularly high abundance of "detyrosinated" MTs in adult cardiomyocytes (19) . Detyrosination is a PTM of a-tubulin where the C-terminal tyrosine residue has been cleaved by a tubulin carboxypeptidase (TCP); this process can be readily reversed by tubulin tyrosine ligase (TTL) (11) . This tyrosination cycle is evolutionarily conserved across eukaryotes (20) and appears required for life (21) , yet its functional roles are still poorly understood. Because detyrosination can protect MTs from disassembly (22, 23) and can facilitate their cross-linking with intermediate filaments (IFs) (24, 25) , we hypothesized that the high proportion of detyrosination may confer the resilient load-bearing capabilities of the cardiac cytoskeletal network.
Using antibodies specific to detyrosinated atubulin, we found a high abundance of detyrosination in the a-tubulin network of adult myocytes (Fig. 2, A and B), as expected (12, 19) . To test the role of detyrosinated MTs, we generated adenovirus encoding TTL (AdV-TTL) with a Discosoma red fluorescent protein (DsRed) reporter. Expressing this construct in isolated cardiomyocytes could effectively reduce the level of detyrosination as shown by both immunofluorescence ( (22, 23) . We complemented this genetic strategy with a pharmacological approach to inhibit TCP using parthenolide (PTL) (26) . PTL treatment also reduced the fraction of detyrosinated MTs, albeit to a lesser extent (42%) than AdV-TTL and with no effect on MT network density ( fig. S2 ).
The load-bearing behavior of the MT network in cardiomyocytes overexpressing TTL or treated with PTL was dramatically different from control myocytes. Tyrosinated MTs frequently seemed to simply slide in the moving cell (Fig. 2 , E and F, orange arrows; movies S5 and S6; and fig. S3 ), rather than buckling under load. This behavior was again reversible, with a minimum reduction in Pearson's colocalization over successive contractions that was not different from controls (P = 0.87, n = 19 runs). The occurrence of buckling in TTL-overexpressing and PTL-treated cells fell significantly (Fig. 2G, left) , whereas amplitude changes observed on the same MT between rest and contraction also dropped significantly (Fig.  2G, right, and table S1 ). (H) Buckling wavelength distribution in control and TTL-overexpressing myocytes and (I) the difference between these distributions. Overexpression of TTL causes MTs to buckle more often at wavelengths between 2 and 3 mm, and MTs are far less likely to buckle at distinct sarcomeric wavelengths (1.7 and 3.3 mm) when detyrosination is reduced. Data are presented as means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. Further statistical details are available in table S1.
When MT buckling was observed, the mean wavelength was not significantly different between control and TTL-overexpressing cells (table S1) . However, the majority of MTs in TTL-overexpressing myocytes no longer buckled at the wavelength of a single sarcomere, and no subpopulations at multiples of the sarcomeric period were observed (Fig. 2H) . Instead, the majority of these MTs buckled in a single population at wavelengths between 2 and 3 mm, which suggested that MT buckling was less constrained by a sarcomeric interaction after detyrosination was reduced (Fig. 2I) .
Detyrosinated MTs resist contractile compression
The energy required to deform detyrosinated MTs under compressive load could confer some meaningful resistance to myocyte contraction. We thus tested directly if MT detyrosination affects contractility in beating cardiomyocytes. After overexpression of TTL, we found significant enhancements in both the magnitude (Fig. 3 , A to C) and peak rate (Fig. 3, D and E) of sarcomere shortening (table  S2) . PTL had a similar effect on contractility ( Fig.  3F and table S2 ). Peak relaxation rates were also increased, which could be because of a decrease in cellular viscosity (see below) or may reflect the increased magnitude of shortening and, therefore, compression of internal elastic elements (e.g., titin) that develop restoring force (27) . These contractile changes were not associated with any significant difference in global calcium transients (Fig. 3 , G to I) or resting sarcomere length (Fig. 3C) , which suggested a change in intrinsic mechanical resistance associated with the ability of detyrosinated MTs to bear compressive load.
Detyrosination regulates myocyte mechanical properties
We next measured mechanical resistance directly using atomic force microscopy (AFM). AFM measurements of transverse stiffness were performed across a range of indentation rates. Myocyte stiffness changed substantially with indentation rate and was well fit by a standard linear solid model (SLSM) [methods in supplementary materials (SM)] ( fig. S4 and Fig. 4A ). At low rates (100 nm/s), the stiffness of the cardiomyocyte was essentially elastic, reported as E1, and was reduced by PTL treatment and TTL overexpression (Fig. 4B) . At higher rates, the modulus increased by E2, which reflects cross-linked material inside the cell that slips on the time scale of slower measurements but "turns on" (stiffens) at faster time scales (> 2 mm/s) (28). The viscosity derived by the SLSM defines the rate above which these cross-links are engaged. TTL overexpression significantly decreased E2 and viscosity (Fig. 4B) , which suggested that reducing detyrosination decreases the number of crosslinks engaged at physiological strain rates in the cardiomyocyte.
The fact that MTs deform under load and resist sarcomere shortening implies a transfer of force between MTs and the sarcomere. If MTs resist longitudinal compression, they could also confer a tensile resistance when the sarcomeres are stretched, as occurs during diastolic filling. To test this idea, we measured passive stiffness directly along the longitudinal axis of TTL-overexpressing myocytes. We attached cardiomyocytes to laseretched cell holders (Fig. 4C, fig. S5 , and movie S7) via a biological adhesive (1) and subjected them to steplike changes in length, while simultaneously measuring sarcomere length and passive force with a high-sensitivity transducer (Fig. 4D) . A typical force response (Fig. 4D, blue) showed a rapid rise to peak force during the high-velocity stretch (F peak ), containing both elastic and viscous elements, followed by a relaxation to a steady-state force (F s.s. ) that largely reflects the elastic stiffness of the myocyte. For a given step size, TTLoverexpressing myocytes exerted significantly reduced peak forces during physiological length changes, with modest reductions in steady-state force ( fig. S5F ). The TTL-overexpressing cells also underwent significantly larger changes in sarcomere length with any given step ( fig. S5G ), which indicated increased sarcomere compliance and which suggested that stiffer sarcomeres in control cells distribute the length change to other compliant components in series. As can be surmised from fig. S5 , F and G, TTL overexpression decreased tension across the physiological range of sarcomere lengths achieved during diastolic filling (Fig. 4E) , which indicated a role for detyrosinated MTs as tensile-resistant elements. Visual evidence supporting such a relation was seen in MT networks in a control cell at resting and stretched length ( fig. S5 and Fig. 4C, cyan) . At resting length, there was some inherent slack in the MT network, whereas the same MTs became taut when the cell was stretched and held at long sarcomere lengths (movie S8).
Model of MT contribution to cardiac contractility
We next sought to develop a mathematical model to recapitulate the experimentally measured changes in MT buckling and contractility when detyrosination is reduced. Previous work modeling MT buckles (6) suggests that three critical variables determine buckling behavior; MT stiffness, stiffness of the surrounding medium, and force incident on the long axis of the MT. How these three variables are predicted to alter MT behavior and myocyte mechanics is described in fig. S6 . Of the three, only a decrease in incident force can explain our experimental observations after suppressing detyrosination. If MT anchoring to the sarcomere is disrupted, the reduced incident force on the MT may drop below the critical force required for buckling, which results in simultaneous decreases in buckling amplitude (Fig. 2) and viscoelasticity (Figs. 3 and 4) . The sarcomeric periodicity of buckles (Fig. 1I ) also suggests an underlying structural constraint that changes in MT or medium stiffness alone cannot explain. We thus chose to model MT buckling within a contractile model that includes a MT compression-resistive element that's interaction with the sarcomere can be varied (see model in SM for details).
Using the mechanical scheme detailed in Fig. 5A , we fitted the contraction resulting from a log-normal force input to derive both contractile and buckling parameters. By modifying the incident force applied to a MT for a given amount of sarcomere shortening (Fig. 5A and model in SM), we simulated the effect of a sarcomeric anchor sliding and then catching at detyrosinated regions of the MT. Inclusion of a 100-nm slide (50 nm at each anchor, see model) before MTs engage with the rest of the sarcomere is reasonable, given the~80% reduction in detyrosinated area observed by immunofluorescence with TTL overexpression (Fig. 2C) , and reflects the fact that reductions in detyrosination would increase the average distance between detyrosinated tubulins that could interact strongly with MT anchoring points. This disruption of MTsarcomere coupling produced model outputs (Fig.  5 , C and D) that closely recapitulated our experimental contractility and buckling results.
An alternate possibility to the sliding anchor is that the anchor is completely uncoupled by suppressing detyrosination and reverts to buckling behavior governed by local viscoelasticity rather than underlying structure, as proposed for less rigidly organized cell types, including developing myocytes (6) . In either case, the coupling of MTs to the sarcomere is reduced, which impairs their ability to resist contraction.
Potential role for desmin as a sarcomeric MT anchor
The putative characteristics of the anchor-a mechanically stiff protein capable of forming complexes with MTs and restricted to a spatially defined region of the sarcomere-suggested the intermediate filament desmin as an immediate candidate. Quantification of velocity-independent (E1) and velocity-dependent (E2) components of the elastic modulus, and SLSM fit-derived viscosity. Both TTL overexpression and PTL treatment significantly reduced elasticity and viscosity. There were no significant differences in these parameters between dimethyl sulfoxide (DMSO) (gray) and AdV-null (black) transduced cells (P = 0.28, 0.34, and 0.33, respectively). Reductions in stiffness due to TTL overexpression are also apparent in cells under stretch along the longitudinal axis. (C) Myocytes were attached via glass cell holders (C, top, and fig. S5 ) to a force transducer and length controller and were subjected to stretch. MTs visualized by EMTB-3xGFP (C, blue and aqua) at rest (top) and at a stretched length (bottom). (D) Representative force versus length protocol. A series of stepwise stretches (red) in 4-mm increments are applied to an isolated myocyte, which increases sarcomere length (SL, black). Passive tension (blue) generated by the step relaxes quickly from a peak value to a new steady state. (E) Force measurements binned according to measured change in sarcomere length with a given step size. TTL-overexpressing cells exert reduced peak passive tension during step changes in length, with a more modest reduction in steady-state tension. Data are presented as means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. Further statistical details are available in tables S3 and S4.
Desmin forms structural bundles that form a complex with the Z-disc (29) , and intermediate filaments can form detyrosination-dependent cross-links with MTs (30, 31) .
We first sought to determine whether desmin preferentially associates with detyrosinated MTs. Cosedimentation of cardiomyocyte lysates showed that desmin forms pellets with polymerized MTs (Fig. 6A ) in direct proportion to their level of detyrosination (Fig. 6, B and C) , which indicated a specific and sensitive interaction. We also costained cardiomyocytes from desmin-depleted [knockout (KO)] and wild-type (WT) mice for desmin and both tyrosinated and detyrosinated tubulin to observe any preferential interaction.
The two populations of MTs show similar overall patterning in WT myocytes, except for a specific accumulation of detyrosinated (and not tyrosinated) tubulin in transverse bands at the Z-disc that colocalized with desmin (Fig. 6, D and E,  and fig. S7 ). Note that KO animals lacked this transverse pattern completely (Fig. 6D and fig.  S7H ), although the Z-disc itself remained intact ( fig. S7C ). In addition, KO myocytes had a denser ( fig. S7F ) and more disorganized MT network (Fig. 6D and fig. S7 , B and E), which suggested that desmin is required for proper MT network organization.
If desmin cross-links with detyrosinated MTs to structurally reinforce the network, then the removal of desmin should both decrease cytoskeletal stiffness and prevent tyrosinationdependent changes in viscoelasticity. Blind studies in WT and KO myocytes revealed that desmin KO myocytes were significantly less stiff than WT counterparts (Fig. 6, F and G) , and that treatment with PTL no longer reduced viscoelasticity (Fig. 6 , F and G).
MT detyrosination is sufficient to impair cardiomyocyte contractility
Increasing detyrosination correlates with impaired function in animal models of heart disease (13, 14) . Thus, we next tested whether increasing detyrosination could directly impair cardiac contractility. Using an adenoviral construct expressing short hairpin RNAs (shRNAs) against TTL (shTTL), we suppressed TTL expression, which enhanced detyrosination (Fig. 7A and fig. S8 ). shTTLtransduced myocytes were then tested for their viscoelastic and contractile properties. The excess detyrosination alone was sufficient to increase viscosity and stiffness (Fig. 7, B and C) and suppressed contractile velocity and magnitude (Fig. 7, D and E) .
We next examined whether this modification correlated with functional deficits in human heart disease. To this end, we analyzed left ventricular tissue samples from healthy patient donors and from patients exhibiting varying degrees of heart disease due to several underlying causes (table   S7) . Detyrosinated tubulin was significantly increased in patients with clinically diagnosed hypertrophic and dilated cardiomyopathies (HCM and DCM, respectively), along with a modest increase in total tubulin content (Fig. 7, F indicator of cardiac contractility (Fig. 7H ).
There was no such correlation detected between LVEF and total or tyrosinated tubulin levels, nor any correlation between heart weight and detyrosination ( fig. S9 ), which suggested a specific link between detyrosination and LVEF. Myocardium from patients with DCM all demonstrated considerably depressed LVEF and variable, but increased, detyrosinated tubulin.
TTL was unchanged in all patient populations, which showed that a decreased expression of the tyrosinating enzyme does not explain the increase in detyrosinated tubulin in patients with heart disease (Fig. 7G) . Because the molecular identity of TCP is unknown, it is unclear if upregulation of the detyrosinating enzyme may underlie this effect.
Discussion
Our findings demonstrate a regulatory pathway for MT load-bearing and myocyte mechanics through posttranslational detyrosination of tubulin. Detyrosinated MTs buckle under load in contracting cardiomyocytes, which confers mechanical resistance to contraction and regulating the viscoelastic properties of the myocyte. The observation that MTs normally buckle, rather than break or slide, strongly indicates that they bear load and store elastic bending energy during the cardiac contractile cycle. This has implications for MT-dependent mechano-signaling in muscle and other tissues (1, 32, 33) but also has direct implications for contractility. Our model of myocyte contractility demonstrates how changing MT load-bearing and force transfer with the sarcomeres can substantially alter contractile properties. Our experimental data show that such changes in MT load-bearing can be achieved by posttranslational modifications of the MTs themselves, particularly detyrosination. The measured reductions in buckling and viscoelasticity and the increase in contractile speed of PTL-treated, TTL-overexpressing myocytes can all be attributed to changing the way MTs interact with the sarcomere and impairing their ability to act as compression resistors. It is also possible that detyrosinated MTs anchored to one sarcomere form bundles with MTs anchored to adjacent sarcomeres. If so, disrupting bundling would also effectively uncouple MTs from forcegenerating structures. Regardless of the mechanism, disrupting coupling to sarcomeres would reduce the incident force on the MT, and buckling occurrence would drop.
The striking periodicity of buckles in untreated myocytes lends further support to the idea of a sarcomeric anchor. The preferential association of desmin with detyrosinated tubulin and the insensitivity of desmin KO animals to changes in detyrosination strongly implicates desmin as at least one component of a sarcomeric anchoring complex of detyrosinated MTs. Note that myocytes lacking desmin have decreased viscoelasticity, despite a denser MT network, which supports the idea that MT network organization and crosslinking is a stronger determinant of myocyte mechanical properties than network density per se. Both the desmin and MT networks have elements perpendicular to their typical orientation, particularly near the sarcolemma, which may alter how those elements interact with the cytoskeleton and plasma membrane. However, we believe that the preponderance of the contractile resistance that results from detyrosination is due to longitudinal MTs in an orthogonal grid with transverse desmin IFs because of the simple numerical majority of cytoskeletal elements in this configuration.
Despite the fact that detyrosinated MTs store energy during sarcomere contraction, which provides compression resistance, little of this energy appears to return in the form of a restoring force that would quicken sarcomere extension. This implies that energy used to deform MTs undergoes substantial loss. Buckling of the MT exerts compressive force on the surrounding matrix and deforms the cytoplasm, which, due to its intrinsic viscosity, can act as an energy sink during each cycle. This is reflected in the large viscous component of the MT contributions to myocyte mechanical properties observed at deformation rates consistent with contractile velocities both in this and previous work (34) . However, we do note a slight prolongation of the late phase of relaxation in TTL-overexpressing myocytes, which may represent the loss of a MT contribution to restoring force. We consider it probable that the restoring force of other internal elastic elements, such as titin, are likely to play a more dominant role, at least in the initial return toward resting sarcomere length (27) . Thus, an increase in detyrosination may increase myocyte stiffness and impair contraction by acting as an energy sink, without providing significant energetic return during relaxation.
Consistent with this, an increase in detyrosination was associated with clinical contractile dysfunction in human hearts. Our cellular studies demonstrate that acute reduction of detyrosination with genetic or pharmacologic approaches can boost contractility and reduce mechanical stiffness. Additionally, these approaches are able to induce large changes in detyrosination, while only slightly altering the overall MT cytoskeleton, which minimizes off-target consequences. Thus, interfering with detyrosination may represent an attractive and novel therapeutic strategy for increasing contractility.
In conclusion, our data show that MTs exhibit divergent mechanical behavior because of the differences in how they couple to the rest of the cardiac cytoskeleton. The tyrosinated portions of the network, moving readily with the myocyte during contraction, provide little contractile resistance. Conversely, the detyrosinated portions of the MT network, forming complexes with desmin IFs, produce a cross-linked MT-IF network that confers robust resistance to contraction. This orthogonal MT-IF grid requires tightly periodic MT deformations to accommodate myocyte morphology changes during contraction. These deformations require a considerable amount of energy to form and dissipate a large fraction of that energy due to viscous interactions. This has important implications for MT load-bearing across cell biology, as well as for the altered mechanical stiffness and mechano-signaling in cardiac disease.
